Background: Silent somatotroph tumours are growth hormone (GH) immunoreactive (IR) pituitary tumours without clinical and biological signs of acromegaly. Their better characterisation is required to improve the diagnosis. Materials and methods: Twenty-one silent somatotroph tumours were compared to 59 somatotroph tumours with acromegaly. Tumours in each group were classified into GH and plurihormonal (GH/prolactin (PRL)/±thyroid-stimulating hormone (TSH)) and into densely granulated (DG) and sparsely granulated (SG) types. The two groups were then compared with regards to proliferation (Ki-67, p53 indexes and mitotic count), differentiation (expression of somatostatin receptors SSTR 2A -SSTR 5 and transcription factor Pit-1) and secretory activity (% of GH-and PRL-IR cells).
Introduction
Silent pituitary tumours represent hormoneimmunoreactive (IR) tumours without clinical signs of hormone excess (1, 2) . They are included in the group of non-functioning tumours without signs of hypersecretion, which represent around 30% of all pituitary tumours, the most common being the follicle stimulating/luteinizing hormone (FSH/LH) or gonadotroph tumours. Also within this group are the silent corticotroph and somatotroph tumours, which are very different from the FSH/LH tumours and must therefore be studied separately (3) . In this study, we will focus on the silent somatotroph tumours.
The somatotroph tumours without clinical signs of acromegaly were first described to exhibit high plasma levels of growth hormone (GH) (2, 4, 5) . In a later series of 17 patients described a few years later (6) , two groups of patients could be defined: one with high plasma GH levels and the other with normal values. This later study also underlined a greater frequency of GH-prolactin (PRL) tumours compared to those with acromegaly. More recently, the fact that some 'silent' somatotroph tumours are 'more quiet than silent' (7) or are clinically silent but with elevated insulin-like growth factor 1 (IGF1) has been stressed (8) . Elsewhere, pituitary pathologists have described a new 'silent subtype-3 pituitary adenoma' based on ultrastructural features (9, 10) . Originally classified as a variant of silent corticotroph adenoma, this subtype is now considered as a plurihormonal tumour of the Pit-1 lineage that is mainly positive for GH, PRL ± thyroidstimulating hormone (TSH) and not always silent, being sometimes associated with hyperthyroidism, acromegaly or amenorrhoea-galactorrhoea (AG). It was thus since recently classified as being a poorly differentiated monomorphous plurihormonal Pit-1 lineage adenoma (11) . The nomenclature has become very confusing and needs careful clarification, especially in the light of reports of such silent somatotroph or plurihormonal tumours being aggressive (10, 11) and the suggestions for the need to treat affected patients differently from those with acromegaly. In an attempt to clarify these issues, here in this study, we address two questions: (1) Do 'true' silent somatotroph tumours exist and what is their prevalence? (2) Do the silent mono or plurihormonal somatotroph tumours differ from the same immunohistochemical subtype with acromegaly and is the silent plurihormonal subtype identical to the silent type 3 adenoma?
To answer these questions, we conducted a comparative retrospective study of 21 somatotroph tumours from patients without clinical and hormonal signs of acromegaly and 59 somatotroph tumours from those with acromegaly.
Subjects and methods

Selection of patients and clinical data
From our tissue bank of pituitary tumours, we listed all the patients operated on by two neurosurgeons, experts in pituitary surgery, between 1990 and 2015 at the Hôpital Neurologique, Hospices Civils de Lyon, France. Thirtyfive patients with somatotroph tumours were referred directly to the neurosurgeon for symptoms of mass effect.
Medical records were retrospectively reviewed with respect to symptoms at presentation, neuroimaging characteristics and preoperative endocrine status. Fourteen patients were excluded for lack of preoperative data concerning the GH and IGF1 plasma levels or due to elevated plasma values according to their sex and age. Twenty-one patients without signs of acromegaly and with normal IGF1 plasma levels (according to age-matched reference values) at diagnosis were considered to have silent somatotroph tumours and were included in this study. Among the 16 tumours expressing prolactin, the prolactin level was normal in 9 (<25 μg/L) or slightly elevated and compatible with pituitary stalk compression (<150 μg/L) in 7 patients. Post-operative data were available for 19 patients, but long-term follow-up was available for 15 patients only (median 6 years, 1.0-20 years). They were compared to 59 randomly selected patients with somatotroph tumours, referred for typical acromegaly with clinical and biological signs of hypersecretion. For each of the 80 included patients, their age, sex, clinical signs of acromegaly, MRI aspect (size of the tumour and invasion) and preoperative GH, IGF1 and PRL levels were evaluated. Fifty-one tumours were fixed in Bouin-Hollande solution and 29 tumours in zinc-formalin solution. For routine histology, haematoxylin phloxine saffron (HPS) and Herlant's tetrachrome staining were performed. The diagnosis of somatotroph tumour was based on automated immunohistochemistry (IHC) reactions with Benchmark XT, Ventana Medical Systems, Tucson, AZ, USA using antibodies against hormones (GH, PRL, adrenocorticotropic hormone (ACTH), βFSH, βLH and βTSH) and against chromogranin A (CgA) and cytokeratin (CK18). Somatostatin receptors (SSTR 2A and SSTR 5 ) and Pit-1 expression were also evaluated. The proliferative rate (mitoses and Ki-67 index) and expression of p53 were also studied. The immunohistochemical reactions with the 5 last antibodies were performed on fresh sections of all tumours simultaneously. Immunoprofiles for each of the antibodies used against the pituitary hormones have been described previously (12) . For new antibodies, the references were the following: SSTR 2A (clone UMB-1, 1/4000, Abcam), SSTR 5 (clone UMB-4, 1/500, Abcam) (13) and Pit-1 (1/500, Novus Biologicals Europe, Abingdon, UK). The specificity of the anti-Pit-1 antibody was tested on 10 FSH-LH, 5 ACTH and 5 PRL-IR tumours. The reaction was negative against FSH-LH and ACTH but positive against PRL. All the silent tumours and the 29 tumours with acromegaly fixed in zinc-formalin underwent further testing.
Pathological data
The histopathology of all the tumours was characteristic of a somatotroph type with CgA, CK18 and GH immunoreactivity. Based on the staining profile and on the IHC expression of low-weight CK18 either as fibrous body or diffusely distributed in the cytoplasm, the tumours were classified as SG or DG subtypes (14) . The CK-negative tumours were classified as SG. The tumours were further classified into monohormonal (GH) and plurihormonal (GH/PRL and GH/PRL/TSH). For the plurihormonal subtype, only tumours with predominant expression of GH-IR cells were considered, and the plurihormonality was diagnosed when the number of PRL or TSH cells was >5%. Based on the membrane expression and on the percentage of SSTR-IR cells, the tumours were divided into three groups (group 1: <25%; group 2: 25-75%; group 3: >75%) (13). All the tumours were studied by three pathologists (JT, LC and AV).
For 78 pituitary tumours, data were available for a classification into five grades taking into account invasion and proliferation: grade 1a: non-invasive tumour; grade 1b: non-invasive and proliferative; grade 2a: invasive tumour; grade 2b: invasive and proliferative tumour and grade 3: metastatic tumour (cerebrospinal or systemic metastases) (15) . The tumour was considered proliferative with two out of three positive criteria: Ki-67 ≥3%, mitoses more than 2/10 HPF and p53 positive (more than 10 strongly positive nuclei/10 HPF). Invasion was considered with histological and/or radiological signs of cavernous or sphenoid sinus invasion.
Statistical analysis
Statistical analyses were performed using StatView. Data were expressed as means ± s.e.m. Differences in the proportion were studied with Mann-Whitney test, and continuous variables were compared using t test. P < 0.05 was considered statistically significant.
Results
We evaluated the prevalence of silent somatotroph tumours among those informatically registered since 2007 in the Lyon pathological register. Thirteen out of the 21 The silent somatotroph tumours were more frequent in women than in men (P = 0.002), whereas a more balanced sex ratio was found among those with acromegaly ( Table 1 ). The mean age at surgery for silent somatotroph tumours tended to be lower, but the difference was not significant (P = 0.057). These tumours were diagnosed based on tumour symptoms: mainly headaches, visual troubles, dizziness, amenorrhoea and/or galactorrhoea. All except one were macroadenomas, two of which were giant macroadenomas. However, the two groups showed no statistical difference in terms of the tumour size or percentage of invasive tumours (Table 1) .
Histology ( Fig. 1 and Table 1 ) revealed that the silent somatotroph tumours were more frequently SG (86% vs 46%, P < 0.01) with a lower percentage of GH-IR cells compared to those with acromegaly (51.4 ± 31.2 vs 79.4 ± 24.5, P < 0.0001). The majority were plurihormonal (76% vs 36%, P < 0.01); almost all were GH/PRL (14/16; 88%) and 2 were GH/PRL/TSH. Plasma prolactin level was not correlated with PRL expression in plurihormonal tumours. No clinical or biochemical picture of hyperthyroidism was seen in the tumour expressing TSH. None showed immunoreactivity for ACTH, FSH or LH.
Moreover, although SSTR 2A expression was lower in the silent somatotroph tumours, SSTR 5 expression showed no significant difference between the two groups (Fig. 2) . All the tested somatotroph tumours expressed Pit-1 (Fig. 1) , mostly with 100% positive nuclei except for in 5 tumours (all silent) where it was 50-80%. The two tumour groups showed no significant difference in terms of Ki-67 index, p53 expression or prognostic grades. Comparing only the 16 plurihormonal silent somatotroph tumours to the 21 plurihormonal with acromegaly, the frequency of this subtype was higher in the silent group than in the group with acromegaly (76% vs 36%; P < 0.01). As shown in Table 2 , the prevalence of women in the silent group was very high (P = 0.008) and the tumours were significantly larger (22.2 mm vs 13.0 mm; P < 0.001) even if microadenomas were excluded from the group with acromegaly (22.2 mm vs 15.0 mm; P < 0.05). Out of the 15 patients, 3 underwent adjuvant radiotherapy within the year post-operatively due to the size of the residual tumour and 1 patient presented tumour progression and was treated with gamma knife 6 years after initial surgery. None of the other tumours recurred or progressed during the follow-up period.
By histology, the Ki-67 index was higher compared to those with acromegaly (P = 0.007); however, the grades showed no difference. In addition, although all the silent plurihormonal somatotroph tumours were monomorphous and SG (P = 0.002), only 6 GH-PRL tumours with acromegaly were mammosomatotroph with most of the remaining having different GH-and PRL-IR cells. The silent plurihormonal somatotroph tumours also showed a lower percentage of GH-IR cells (46.2% vs 78.6%; P < 0.0001). Five out of the 16 silent tumours expressed Pit-1 with a less than 100% positive nuclei, whereas all the GH/PRL tumours with acromegaly showed maximal expression. Although we found no difference in the pure GH tumours between the two groups, the number of pure GH without acromegaly was limited.
Discussion
In our review of the literature, taking into account the so-called GH silent and the silent type 3 tumours, we found 108 patients (2, 4, 5, 6, 7, 8, 10, 11, 16, 17, 18, 19, 20, 21, 22, 23) . Almost all were case-reports and only three series including more than 10 patients have been reported (6, 10, 11) . The prevalence of these silent somatotroph tumours as evaluated in this present series is very similar to that evaluated in 1991 (6) (7-8% of the somatotroph tumours and 2-3% of all pituitary tumours operated on) and of the silent type 3 (11) (3%). Thus, silent somatotroph tumours are not uncommon. Indeed, they are as frequent as TSH tumours (2%).
Many were reported to show signs of hypersecretion (2, 4, 5, 6, 7, 11, 17, 20) and only 35 were actually silent. Thus, 'IGF1 should be measured before surgery in all patients presenting with apparently non-functioning adenomas' (24, 25) .
None of these studies except for our previous one (6) has compared silent to somatotroph tumours with acromegaly. The present study has confirmed our previous data and highlights that silent somatotroph tumours appear more frequently in women than in men, whereas in acromegaly, the sex ratio is approximately balanced ((26), our series). Twenty of the 21 somatotroph silent tumours in our series were macroadenomas compared to 85% of macroadenoma in somatotroph tumours with acromegaly, which is consistent with the literature (27) . As previously underlined, both SG (11) and plurihormonal subtypes, GH-PRL ± TSH (6), showed greater frequency among the silent than the acromegaly-associated tumours. The diagnosis should be based not only on IHC for the hormones but also on the expression of the transcription factor Pit-1.
Considering just the 16 plurihormonal silent somatotroph tumours revealed differences in size and Ki-67 index: the silent tumours being larger (P < 0.001) with a higher Ki-67 index (P = 0.007). Clinical follow-up was available for 15 patients only and did not support the suspected bad prognosis of plurihormonal silent type 3 adenomas (5, 11). Indeed, only one patient presented tumour progression and was treated with gamma knife 6 years after initial surgery. However, we should underline that 3 patients underwent adjuvant radiotherapy, which can positively influence the prognosis. As suggested by others (7, 22, 23) , there is some evidence that such tumours may have clinically 'aggressive' behaviour. Only after a comparison of the long-term follow-up of two series with and without acromegaly can a poor prognosis of this subtype of tumour be defined.
The silent somatotroph tumours can be classified as differentiated tumours in the Pit-1-lineage (28) as they expressed GH-PRL ± TSH, SSTR 2A-5 and Pit-1. However, they are mostly SG with a significantly lower percentage of IR cells for Pit-1, GH and SSTR 2A than is found in tumours with acromegaly. This would suggest that the silent somatotroph tumours might be less differentiated than those with acromegaly. They appear to correspond well with the 'silent subtype 3' described by Kovacs et al. (9) .
The silent nature of these tumours may be explained by the low GH secretion of the somatotroph cells. In vitro, these silent tumours secrete small amounts of GH and respond to GHRH (5, 6), but their level of secretion is very low, too low to induce elevated plasma levels of GH and IGF1 and clinical signs of acromegaly.
For the management of silent somatotroph tumours, the first therapeutic option is surgery, especially when tumours are large and invasive (5, 19) . The study of SSTR expression may be useful to identify those tumours susceptible to respond to SA treatment; however, no clinical data are available to demonstrate the effect of SA on silent somatotroph tumours.
Conclusion
The silent somatotroph tumours are Pit-1 lineage derivate tumours that appeared less differentiated than somatotroph tumour with acromegaly and must be studied separately from other non-functioning pituitary tumours. Additional clinicopathological studies are now needed to define the aggressiveness of these tumours and their responsiveness to surgical and pharmacological therapy.
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